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THERMAL TOLERANCES AND PREFERENCES OF FISHES
OF THE VIRGIN RIVER SYSTEM (UTAH, ARIZONA, NEVADA)
James E. Deacon1, Paul B. Schumann 2 , and Edward L. Stuenkel 3
ABSTRACT.—Critical thermal maxima (CTM) and thermal preferenda of the common fishes of the Virgin River were
examined. Differences in final temperature preferenda and CTM for species with low thermal lability (speckled dace,
spinedace, roundtail chub) correspond well with differences in their distribution and abundance in the river. These
species shifted their acute thermal preferences relatively little as acclimation temperature increased. For thermally
labile species (woundfin, red shiner, desert sucker, and fiannehnouth sucker), the final preferendum is a less precise
indicator of probable distribution. The woundfin, an endangered fish, has a high CTM (39.5 C at 25 C acclimation) and
a labile acute preferendum (slope nearest 1) compared to other species in the system. The introduced red shiner
likewise has a high CTM and a labile acute preferendum. In cooler temperatures, its acute preferendum shifts more
rapidly than does that of the woundfin. At higher temperatures (above 15 C), the red shiner does not shift its acute
preferendum as rapidly as does the woundfin. The red shiner, however, has a higher final preferendum. For thermally
labile species, influence of acclimation temperature on mean preferendum, together with CTM, provides a better
insight into distributional relationships within the system.

In recent years, agricultural, municipal,
and industrial water uses in arid regions of the
southwestern United States have reduced
both stream flows and water quality. The consequent alterations in thermal, chemical, and
flow regimes, coupled with the discharge of
various effluents and the introduction of nonnative fishes, have seriously reduced many
native fish stocks (Deacon and Minckley 1974,
Deacon 1979, Pister 1979, 1981).
The Virgin River in Utah, Arizona, and Nevada is an example of such a system. Its shifting, sandy bottoms, steep gradients, high sediment loads, variable flows, large daily and
seasonal fluctuations in temperature, and
other physical and chemical characteristics
are typical of desert streams (Cook 1960, Deacon and Minckley 1974, Naiman 1981). Below
Zion National Park, Utah, several natural
physicochemical and geographic barriers disrupt the continuity of the biotic communities.
These include Pah Tempe Springs, a series of
over 100 saline hot springs emerging along the
Hurricane Fault in Utah; and the Virgin River
Gorge in Arizona where, during much of the
year, the entire flow seeps below ground and
reemerges in springs above Littlefield, Arizona (Sandberg and Sultz 1982).
The fish fauna of the Virgin River consists of

only six native species: speckled dace (Rhinichthys osculus); flannelmouth sucker (Catostomus latipinnis); desert sucker (Catostomus [Pantosteus] clarki); Virgin spinedace
(Lepidorneda mollispinis mollispinis) and Virgin roundtail chub (Gila robusta seminuda),
the latter two of which are endemic subspecies; and woundfin (Plagopterus argentissimus), which is an endemic species. The
woundfin is listed as endangered (U.S. Fish
and Wildlife Service 1986), the Virgin roundtail has been recommended for endangered
status, and the Virgin spinedace has been recommended for threatened status (Deacon
1979, Deacon et al. 1979). The red shiner,
Notropis lutrensis, was introduced into the
Colorado River system as a bait fish in the
early 1950s (Hubbs 1954). Of the 13 introduced fish species recorded from the lower
Virgin River (Cross 1985), only the red shiner
has become well established (Williams 1977,
Cross 1978a).
Agricultural diversion and groundwater use
since 1900 have reduced flows in the mainstream to the extent that long stretches may
be dry during summer months. Following
completion of the Quail Creek Reservoir project early in 1985, an unanticipated, dramatic
increase in discharge of Pah Tempe Springs
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caused increases in both temperature and
salinity throughout the downstream segment
of the Virgin River in Utah (Deacon, in press).
Summer river temperatures fluctuate by
15-20 C daily, reaching 36 C in some areas
(Cross 1975, Deacon 1977, Schumann 1978).
However, except for the roundtail (Schumann
1978) and Virgin spinedace (Espinosa and
Deacon 1978), the temperature responses of
the native fishes have not been examined.
This paper reports preliminary investigations of the temperature tolerances and preferences of the native fishes and the introduced red shiner.
METHODS AND MATERIALS
Collection and Maintenance of Specimens
Suckers, spinedace, speckled dace, woundfin, and red shiners were collected during
May and June using 10-m nylon seines with
6.4-mm mesh. Virgin roundtail adults were
collected between April and October. Captured fish were acclimated in aerated and filtered 450-liter and 1100-liter aquaria, containing aged tap water maintained at
temperatures of 10, 15, and 25 ± 1 C, for at
least two weeks before testing (Otto 1973,
Feldmeth and Baskin 1976, Otto and Rice
1977). Fish were maintained on a 12-hour
photoperiod and fed Purina Trout Chow
daily. Food was withheld for 25 hours prior to
experimentation. All experiments were conducted between June and August to avoid the
influences of seasonality and aging (McCauley
etal. 1977).
Critical Thermal Limits
Tolerance of high temperature was measured as critical thermal maximum (CTM)
(Lowe and Heath 1969, Fry 1971, Feldmeth
and Baskin 1976). The CTM was determined
for six individuals of each species at each acclimation temperature in an aerated 13-liter
glass chamber immersed in a Masterline 2095
water bath. Fish were introduced into the
chamber at their acclimation temperature. After a 60-minute adjustment period, the chamber was heated at a constant rate of 0.24 C/
minute until the animal lost equilibrium. At
that point the fish was immediately returned
to its acclimation temperature. No more than
three fish were used in a single test. The
temperature at which loss of equilibrium is
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observed is an unambiguous endpoint, ecologically equivalent to death in a natural situation where the animal would then be unable
to escape lethal conditions (Fry 1971). CTMs
were not measured for 15-C-acclimated suckers of either species (see next section).
Thermal Preferendum
Acute preferred temperatures (Reynolds
and Casterlin 1979) were determined for six
individuals of each species (except the suckers
and the roundtail chub) at all acclimation temperatures. Testing was done in a horizontal
gradient consisting of three 20-liter aquaria
joined lengthwise and partitioned to give six
small chambers, each 16 x 20 X 21 cm. One
end was cooled by plastic-coated copper coils
through which refrigerated water was circulated, while the other end was heated with
100-W aquarium heaters. Aeration in each
cell prevented gas supersaturation and temperature stratification. Fish could thus choose
temperatures between approximately 8 C and
35 C. Tests were observed from behind a
blind, and temperatures were measured by
mercury thermometers in each chamber.
Preliminary tests without a thermal gradient demonstrated that selection was not spatially influenced in any of the species. This
was further avoided during the course of the
experiments by a slight shift of temperatures
along the gradient.
Two or three individuals of a single species
were introduced into the chamber closest to
their acclimation temperature and left undisturbed for 30 minutes. Chamber temperatures and the distribution of the animals in the
gradient were then recorded at 10-minute intervals for one hour, and at 20-minute intervals for the next two hours. The fish were then
removed and their length and weight
recorded (Table 1).
Time and resource constraints prevented
our collecting enough suckers (of either species) to provide complete acclimation groups.
Therefore, preferenda are reported for fewer
than six individuals at most acclimation temperatures (Table 2). Likewise, insufficient
numbers of Virgin roundtail adults small
enough to fit the apparatus were available at
the time of the tests. Consequently, young-ofthe-year roundtails spawned in captivity from
adults captured from the nearby Moapa River
in Nevada were acclimated to 8 C, 22 C, 25 C,
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TABLE 1. Critical thermal maxima (CTM) at three acclimation temperatures for the common fishes of the Virgin
River. Each number is the mean ± 1 standard deviation for six fish, except that only three desert suckers were used at
25 C and three flannelmouth at 10 C. A range in length is shown for roundtail.
Species

_

Roundtail chub
Speckled dace
Virgin spinedace
Woundfin
Red shiner
Desert sucker
Flannelmouth sucker

10
27.90
30.47
30.25
30.70
30.10
32.30
31.22

15
32 30 ± 1.39

0.22
1.60
0.40
0.21
1.05
0.64
1.08

32 57
32 90
33 58
33 07

±
±
±
±

—
—

0.46
0.30
1.01
0.59

25
36.41
36.82
37.02
39.47
38.80
37.17
36.98 ±

Weight (gr.)

Length (mm)
0.66
0.63
0.44
0.21
0.71
0.50
0.29

120 72.17
95.79
71.27
61.47
124.60
155.60

233
12.70
7.66
10.56
6.43
22.89
20.94

62.60
3.73
8.54
3.35
2.92
16.35
27.57

47.60
1.86
1.99
1.35
1.06
7.33
9.48

TABLE 2. Distribution of native and introduced fishes of Virgin River in a thermal gradient. Fish i /ere acclimated to
10, 15, and 25 C. Data for the Virgin roundtail are in Schumann (1978).
Temperature

Species
Accl.
temp.

#
fish

#
obs.

Max.

Min.

Mean

Speckled dace

10
15
25

6
6
6

Virgin spinedace

10
15
25

6

10
15
25
10
15
25
10
25
10
25

6
6
6
6
6
6
6
3
3
6

77
78
71
68
86
78
78
69
72
78
50
75
80
36
46
65

20
26
27
26
31
29
20
23
32
22
31
34
28
30
25
34

10
14
9
10
15
15
10
14
13
10
15
10
10
10
10
15

14
16
16
19
21
23
11
16
24
12
23
27
13
22
14
26

Woundfin

Red shiner

Desert sucker
Flannelmouth
sucker

7
6

and 30 C and tested in the same manner as the
other species (Schumann 1978). As with the
15-C-acclimated suckers, results were not
compared statistically with the other fish but
are presented here to complete the picture for
the native species.
Analysis of Data
CTM data were analyzed by Welch's unequal-variance analysis of variance (ANOVA)
and Bonferroni paired comparisons. Regression lines for CTMs were constructed and
compared by covariance analysis (Dixon
1981).
Significance of temperature selection was
verified by chi-square tests for each species.
Differences between species and between
acclimation temperatures were tested by

Mode

<J

4.4
2.8 .
4.2

9.5 - 10.5
14 - 15
15 - 16

3.8
3.7
3.4

18.5 - 19.5
21.5 - 22.5
24 - 25

2.3
3.6
4.8

10
14

- 11
- 15
23.5 - 24.5

3.8
4.9
5.0

10
23
30

- 11
- 24
- 31

4.3

10
20

- 11
- 21

3.5
5.0
2.8

10 - 11
26" - 27

Welch's unequal-variance ANOVA and Bonferroni paired comparisons (Dixon 1981).
These were verified by two-way ANOVA
(Burr 1974) and two-way Friedman's test
(Tate and Clelland 1957) of the means for each
group. Nonlinearity of preference curves was
verified by regression analysis (Dixon 1981).
RESULTS
Temperature Tolerance
CTM increased in a linear fashion with acclimation temperature for all species examined. Within any given species, mean CTM
values differed significantly (p < .05) at different acclimation temperatures (Table 1).
CTMs were not significantly different (p >
.05) between species in either the 10-C- or

40

39 38
37
36

35
34

Speckled dace
DeseM sucker

33

32
31
30

29
5
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10

15
Taccl.

20

25

30

other cases, an increase in acclimation temperature shifted thermal preferenda upward
(Figs. 2 and 3). Mean acute preferenda
equaled or exceeded acclimation temperature
for all species acclimated to 10 C and 15 C. At
25 C acclimation, however, this was true only
for the flannelmouth sucker and the red
shiner. Modal preferred temperatures likewise equaled or exceeded temperature of acclimation for all species acclimated to 10 C
and for all species except woundfin at the
15-C-acclimation level. As was found for
the means, modal preferenda in the 25C-acclimation group were greater than or
equal to acclimation temperature for only
flannelmouth suckers and red shiners.

(°C)

DISCUSSION
Fig. 1. The effect of acclimation temperature on critical
thermal maximum in three Virgin River fishes. Regression lines are presented for one representative species of
each group described in the text.

15-C-acclimation groups. However, at 25 C
acclimation, the mean CTMs of woundfin and
red shiner each differed significantly from all
other species (p < .05), although they were
not significantly different from each other
(p > .05).
The lines relating CTM to acclimation temperature have slopes ranging from 0.28
(desert sucker) to 0.59 (woundfin). These are
illustrated in Figure 1 along with that of the
speckled dace, which is intermediate at 0.42.
The flannelmouth sucker (0.38), Virgin
spinedace (0.45), Virgin roundtail (0.48), and
red shiner (0.58) also fall between the extremes. An increase in slope indicates that
acclimation temperature has an increased effect on CTM.
Thermal Preference
The frequency distribution of each species
in the thermal gradient (Table 2) suggests that
variation and skewness were associated with
some experimental groups (Richards et al.
1977). For any given species, the mean acute
preferred temperature observed at one acclimation temperature differed significantly at
the .05 level from the mean preferendum at
any other acclimation temperature, with one
exception: no significant difference (p > .05)
was found between acute preferenda of 15-Cand 25-C-acclimated speckled dace. In all

Despite the large body of information on
the physiological performance of organisms
with respect to temperature, surprisingly few
studies relate this clearly to the organism's
ecology (Ferguson 1958, Gift 1977, Richards
and Ibara 1978, Huey and Stevenson 1979,
Beitinger and Fitzpatrick 1979, Calhoun et al.
1982, Matthews 1986). Only recently have
formalized attempts been made to define a
"thermal niche" for ectotherms and to apply
concepts of niche theory and competition to
the thermal resource (Fry 1971, Alderdice
1972, Hutchinson 1978, Magnuson et al.
1979). The Virgin River's considerable spatial
and temporal variation in water temperature
places greater value on eurythermal species
that can operate as "thermal generalists" under suboptimal conditions, but respond opportunistically when preferred thermal situations are encountered. This is the established
pattern for desert spring and stream fishes for
such factors as food and space (Deacon and
Minckley 1974).
Magnuson et al. 1979 state that lethal temperatures are so extreme as to say little about
the "fine tuning" of an organism's utilization of
its thermal resource. However, these set the
outermost limits of the thermal niche and
form the bounds of the thermal resistance
zone (Reynolds and Casterlin 1979). Our
CTM values (Table 1) illustrate the eurythermality of these desert species. This is
shown further by the ranges associated with
the acute thermal preferences (Table 2). We
recorded observations between 10 C and
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30-

Final prelerendum
25O

23.8 ± 0.5 Roundtail
23.1 ± 0.5 Spinedace
15.8 ± 0.2 Speckled dace
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£T
20(T
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Q
UJ

15-
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u_

UJ
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10-
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10

15

20

r

25

30

ACCLIMATION TEMPERATURE (°C)

Fig. 2. Influence of acclimation temperature on mean preferred temperature in Virgin River fishes of low thermal
lability. Lines fitted by eye.

32-34 C for all species except the desert
sucker and speckled dace. Further, when
Magnuson et al.'s (1979) operational definition of thermal niche breadth (i.e., mean preferred temperature ± one standard deviation) is applied to Figure 2, all species exhibit
ranges 5-10 C in breadth at all acclimation
temperatures. This implies that desert fishes
tend to have broader thermal niches than
most temperate freshwater fishes previously
considered (Reutter and Herdendorf 1974,
Beitinger et al. 1975, Coutant 1977, Magnuson et al. 1979).
Nearly all species tested exhibited skewed
preferred temperature distributions (Table
2). This resulted in differences between the
various measurements of central tendency
used to describe them. The skewed patterns
may be partly attributable to the design of the
apparatus, but similar findings have been reported by De Witt (1967), Reynolds and Casterlin (1976, 1979), and others using a variety
of designs. This widespread phenomenon and
its possible causes and effects have been re-

viewed in detail by De Witt and Friedman
(1979).
Fry (1947) defined the final thermal preferendum, in part, as being the point where
preferred temperature equals acclimation
temperature. He considered this a largely
species-specific phenomenon, independent
of the animal's previous thermal history. This
concept has garnered considerable attention
in recent years, although, surprisingly, its potential for bridging the gap between thermal
physiology and ecology has remained relatively unexplored (Reynolds 1977).
The results of our attempts to define the
final thermal preferendum of the Virgin River
fishes are shown in Figures 2 and 3. Each
curve was fitted by eye to the mean acute
preferendum values according to the method
of Reynolds and Casterlin (1979) (see also Otto
and Rice 1977, Garside et al. 1977, Richards
and Ibara 1978). This gave approximate final
preferendaof 27.0 C for the red shiner, 25.9 C
for the flannelmouth sucker, 23.8 C for the
roundtail, 23.1 C for the spinedace, 19.5 C for
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Final preferendum

o

27.0
25.9
17.5
19.5

I

10

I
15

20

±
±
±
±

1.0 Red shiner
0.5 Flannelmouth sucker
1.0 Woundfin
1.0 Desert sucker

I
30

ACCLIMATION TEMPERATURE (°C)
Fig. 3. Influence of acclimation temperature on mean preferred temperature in thermally labile Virgin River fishes.
Dashed curves are hypothesized from responses of a single 15-C-acclimated specimen (see text). Lines fitted by eye.

the woundfin, 17.5 C for the desert sucker, ferred temperature remains nearly unand 15.8 C for the speckled dace. Final prefer- changed despite wide variations in acclimaenda of 30.0 and 23.3 C have been deter- tion temperature (Brett 1952, McCauley et al.
mined for populations of red shiner in two 1977). The curves for the red shiner and flandistinctly different habitats in Texas (Calhoun nelmouth sucker (Fig. 3) differ from both of
et al. 1982).
the above two types. At cooler temperatures,
Three types of curves are represented in rising acclimation temperatures shift preferFigures 2 and 3. The curves most closely ap- enda upward rapidly, while at warmer temproximating the line of equality (Fig. 3) indi- peratures, acclimation temperature has relacate a maximally thermally labile species. This tively little influence on preferred
situation, represented most strongly by the temperature. These three apparently differwoundfin, suggests that the species prefers ent types of curves provide interesting insight
the temperature in which it finds itself. This into the ecology and distribution of fishes in
may be adaptive for a fish subjected to widely the Virgin River.
The woundfin has a high CTM, relatively
varying thermal conditions. As long as it can
acclimatize successfully to ambient condi- low final preferendum, and the most labile
tions, it probably operates near peak physio- acute preferendum of any of the species examlogical efficiency throughout much of the ined. It is the dominant native species in the
range of seasonal variation encountered moderately altered sections of the middle and
(Beitinger and Fitzpatrick 1979). The curves lower mainstream where temperature varidiverging most strongly from the line of equal- ability is extreme (Cross 1978a, Deacon and
ity (Fig. 2) characterize species whose pre- Hardy 1984). The thermal lability of the
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woundfin is most strikingly demonstrated by
the ability of acclimation temperature to influence preferred temperature. This capability,
however, becomes somewhat reduced at
higher temperatures as the thermal selection
curve diverges from the line of equality (Fig.
3). At higher temperatures, then, the red
shiner may have an advantage over woundfin,
while at lower temperatures (below 25 C), the
reverse may occur.
The thermal selection curve for the desert
sucker suggests that it, too, is thermally
labile. It diverges more from the line of equality at both higher and lower temperatures
than does the woundfin; however, the final
preferendum is also somewhat lower, suggesting a more upstream (cooler) pattern of
distribution and abundance than woundfin.
The desert sucker is in fact the most widely
distributed species in the Virgin River system, reaching greatest abundance in middle
and lower tributaries and the upper mainstream. Abundance drops in the lower,
warmer mainstream and in the upper, cooler
tributaries (Cross 1975, 1985).
The thermal selection curves of the other
native species are uniformly similar in shape,
differing primarily in vertical displacement.
All appear less labile than the woundfin and
desert sucker. The speckled dace, with the
lowest final preferendum, has the most upstream distribution. It achieves greatest
abundance in middle and lower tributaries
and the upper mainstream. In the middle and
lower mainstream it is almost always associated with cool, clear inflowing tributaries or
springs. The Virgin spinedace, with the next
highest final preferendum, has a slightly more
downstream distribution. It is most abundant
in lower tributaries and the upper mainstream. More downstream occurrences are
primarily associated with tributary and spring
inflows. The flannelmouth sucker has the
highest final preferendum, but reaches its
greatest abundance in the upper mainstream.
Its downstream distribution, however, is not
as restricted to tributary and spring inflow as
are those of the speckled dace and spinedace.
In general, the distributional relationships of
these three species (Cross 1975) correspond
well with the thermal relationships illustrated
in Figures 2 and 3. Note also that the flannelmouth sucker (which had the highest final
preferendum of any native species) and the
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woundfin (with the highest CTM) most often
approach the Pah Tempe hot spring inflows
more closely than other species (Cross 1975,
Williams 1977).
The Virgin roundtail has a thermal selection
curve very similar to that of the spinedace. It
has the lowest CTM value of any native species in the river and an intermediate final
preferendum. Acclimation temperature has
relatively little influence on its preferred temperature. This species is confined to the middle and lower mainstream of the Virgin River
below Pah Tempe Springs (Cross 1978b). The
roundtail is no longer perennially abundant
anywhere within its range, although there is
evidence that it once was (Cross 1978b). Increased diversion of water for irrigation, increased irrigation return flow in the heat of
the summer, clearing of streamside vegetation, overgrazing in the watershed, and other
activities associated with man's use of the region may have increased summer temperatures within the range of the roundtail. Lack
of suitable tributary streams, plus the barrier
provided by Pah Tempe Springs, has perhaps
prevented upstream displacement of roundtail populations. Their thermal relationships
suggest a pattern of distribution and abundance in the Virgin River similar to that of the
spinedace. The fact that most good spinedace
habitat is unavailable to the roundtail may
partly explain its present precarious status in
the Virgin River.
The thermal selection curves for the red
shiner and flannelmouth sucker are different
from those of other native species. The red
shiner has a high CTM, and a higher final
preferendum than any native species. It occurs throughout the lower mainstream but,
until 1985, was abundant only in the deeper
water (> 8 cm) of the highly modified lower
reach, where the flow is intermittent through
a wide, shallow, braided channel. Here, summer temperatures appear to exceed 30 C
more often, and for longer periods, than elsewhere in the river. The red shiner is the dominant species in this segment of the river and is
often accompanied by fewer numbers of
woundfin. Other native species occur sporadically. Occasionally woundfin reach numbers
nearly equaling those of the red shiner (Cross
1975, Deacon and Hardy 1984, Deacon, in
press).
Woundfin and red shiner shift their CTM
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more markedly in response to increase in acclimation temperature than do other species.
This apparently provides both species with an
advantage over other native fishes in the
warmer, more thermally variable, shallow waters of the lower river. The higher final preferendum exhibited by the red shiner suggests
that that species may have a thermal advantage over the woundfin during the summer in
this lower segment of the mainstream.
The flannelmouth sucker has only a slightly
lower final preferendum than does the red
shiner, but at an acclimation temperature of
25 C the sucker has a significantly lower CTM.
This may partly explain the near absence of
the flannelmouth sucker in Virgin River below Mesquite, Nevada.
Thermal tolerance and preference relationships are not the only factors involved in niche
partitioning in the Virgin River. Preferred
temperatures may be unavailable over large
stretches of the river, or for long periods of
time. Interactions influencing utilization of
food, space, and other resources affect the
fishes as well (Cross 1975, 1978a, 1978b, Deacon 1979, Deacon and Hardy 1983, Greger
1983). Temperature relations determined in
the laboratory do not always correspond well
to field distributions (Reynolds 1977, Magnuson et al. 1979, Reynolds and Casterlin 1979),
but in the case of the Virgin River fishes, the
correspondence is striking.
ACKNOWLEDGMENTS
Assistance of the following individuals is
gratefully acknowledged: Dr. S. D. Hillyard
of UNLV and M. B. Marrero of the University
of Texas at Dallas for their generous help in
collection of specimens, and Dr. Hillyard for
helpful comments and criticism of the
manuscript. We especially thank V. M. J.
Ryden of the Southern California Association
of Governments for aid in statistical analysis.
Partial funding for this project was provided
by the U.S. Fish and Wildlife Service. The
manuscript was largely completed while J. E.
Deacon was a Barrick Distinguished Scholar
at UNLV.
LITERATURE CITED
ALDEROICE, D. F. 1972. Responses of marine poikilotherms to environmental factors acting in concert.

545

Pages 1659-1722 in O. Kinne, ed., Marine ecology. Vol. 1, Part 3. Wiley-Interscience, New
York.
BEITINGER.T. L., AND L. C. FITZPATBICK. 1979. Physiological and ecological correlates of preferred temperature in fish. Amer. Zool. 19: 319-329.
BEITINGER, T. L., J. J. MAGNUSON, W. H. NEILL. AND W. R.
SHAFFEH. 1975. Behavioral thermoregulation and
activity patterns in the green sunfish, Lepomis
cyanellus. Anim. Behav. 23: 222-229.
BRETT, J. R. 1952. Temperature tolerance in young Pacific
salmon, genus Oncorhynchus. J. Fish. Res. Bd.
Canada 9: 265-323.
BURR, I. W. 1974. Applied statistical methods. Academic
Press, New York.
CALHOUN, S. W., E. G. ZIMMERMAN, ANDT. L. BEITINGER.
1982. Stream regulation alters acute temperature
preferenda of red shiners, Notropis lutrensis.
Canadian]. Fish. Aquat. Sci. 19:360-363.
COOK, E. F. 1960. Geologic atlas of Utah: Washington
County. Utah Geol. Mineral Surv. Bull. 58:
1-111.
COUTANT, C. C. 1977. Compilation of temperature preference data. J. Fish. Res. Bd. Canada 34: 739-745.
CROSS, J. N. 1975. Ecological distribution of the fishes of
the Virgin River (Utah, Arizona, Nevada). Unpublished thesis, University of Nevada at Las Vegas.
1978a. Contributions to the biology of the
woundfin, Plagopterus argentissimus (Pisces,
Cyprinidae), an endangered species. Great Basin
Nat. 38(4): 463-468.
1978b. Status and ecology of the Virgin River
roundtail chub Gila robusta seminuda (Osteichthyes: Cyprinidae). Southwest Nat. 23(3):
519-527.
1985. Distribution of fish in the Virgin River, a
tributary of the lower Colorado River. Envir. Biol.
Fishes 12(1): 13-21.
DEACON, J. E. 1977. Habitat requirements of the
woundfin in the Virgin River in relation to the
proposed Warner Valley Project. In: Impact of the
Warner Valley Water Project on endangered fish
of the Virgin River. Vaughn Hansen Associates,
Salt Lake City, Utah.
1979. Endangered and threatened fishes of the
West. Great Basin Nat. Mem. 3:41-64.
In press. The endangered woundfin and water
management in the Virgin River, Utah, Arizona,
Nevada. Fisheries.
DEACON, J. E., AND T. B. HARDY. 1984. Streamflow requirements of woundfin (Plagopterus argentissimus) in the Virgin River, Utah, Arizona, Nevada. Pages 45-56 in N. Horner, ed., Festschrift
for Walter W. Dalquest, in honor of his 66th birthday. Midwestern State University.
DEACON,]. E..ANDW. L. MINCKLEY. 1974. Desert fishes.
Pages 385-488 in W. G. Brown, ]r., ed., Desert
biology. Vol. 11. Academic Press, New York.
DEACON, J. E., G. KOBETICII, J. D. WILLIAMS. AND S. CONTHEHAS. 1979. Fishes of North America—endangered, threatened, or of special concern: 1979.
Fisheries 4(2): 29-44.
DE WITT, C. B. 1967. Precision of thermoregulation and
its relation to environmental factors in the desert
iguana, Dipsosaurus dorsalis. Physiol. Zool. 40:
49-66.

546

GREAT BASIN NATURALIST

DE WITT, C. B., AND R. M. FRIEDMAN. 1979. Significance
of skewness in ectotherm thermoregulation.
Amer. Zool. 19:195-209.
DlXON, W. J., ED. 1981. BMDP statistical software. University of California Press, Berkeley.
ESPINOSA.F. A.. AND). E. DEACON. 1978. Rearing bait fish
in the desert southwest. Final Report, Federal Aid
in Commercial Fisheries Research and Development, Project No. 6-9-D. Nevada Department of
Fish and Game. 29 pp.
FELDMETH, C. R., AND J. N. BASKIN. 1976. Thermal and
respiratory studies with reference to temperature
and oxygen tolerance for the unarmored stickleback, Gasterosteus aculeatus williamsoni Hubbs.
S. California Acad. Sci. 75(2): 127-130.
FERGUSON. R. G. 1958. The preferred temperature offish
and their midsummer distribution in lakes and
streams. J. Fish. Res. Bd. Canada 15(4): 607-624.
FRY, F. E. J. 1947. Effects of the environment on animal
activity. U. Toronto Stud., Biol. Ser. 55: 1-62.
1971. The effect of environmental factors on the
physiology offish. Pages 1-98 in W. S. Hoar and
D. J. Randall, eds., Fish physiology. Vol. VI.
Academic Press, New York.
GARSIDE, E. T., D. G. HEINZE, AND S. E. BARBOUR. 1977.
Thermal preference in relation to salinity in the
three-spine stickleback, Gasterosteus aculeatus
L., with an interpretation of its significance. Canadian J. Zool. 55: 1190-1194.
GIFT, J. J. 1977. Application of temperature preference
studies to environment impact assessment. J.
Fish. Res. Bd. Canada 34: 746-749.
GREGER, P. 1983. Food partitioning among fishes of the
mainstream Virgin River. Unpublished thesis,
University of Nevada at Las Vegas.
HUBBS, C. L. 1954. Establishment of a forage fish, the red
shiner (Notropis lutrensis), in the lower Colorado
River system. California Fish and Game 40(3):
287-294.
HUEY, R. B., AND R. D. STEVENSON. 1979. Integrating thermal physiology and ecology: a discussion of approaches. Amer. Zool. 19: 357-366.
HUTCHINSON, G. E. 1978. An introduction to population
ecology. Yale University Press, New Haven, Connecticut.
LOWE, C. H., AND W. G. HEATH. 1969. Behavioral and
physiological responses to temperature in the
desert pupfish, Cyprinodon macularius. Physiol.
Zool. 33: 288-317.
MAGNUSON, J. J., L. B. CROWDER, AND P.1 A. MEDVICK.
1979. Temperature as an ecological resource.
Amer. Zool. 19: 331-343.
MATTHEWS, W. J. 1986. Geographic variation in thermal
tolerance of a widespread minnow Notropis
Jutrenstsofthe North American mid-west. J. Fish
Biol. 28: 407-417.
McCAULEY, R. W., J. R. ELLIOT, AND L. A. A. READ. 1977.
Influence of acclimation temperature on preferred
temperature in the rainbow trout Salmo gairdneri. Trans. Amer. Fish. Soc. 106: 362-365.
NAIMAN, R. J. 1981. An ecosystem overview: desert fishes
and their habitats. Pages 493-531 in R. J. Naiman

Vol. 47, No. 4

and D. L. Soltz, eds., Fishes in North American
deserts. Wiley-Interscience, New York.
OTTO, R. G. 1973. Temperature tolerance of the
mosquitofish, Gambusia affinis (Baird & Girard).
J. Fish Biol. 5:575-585.
OTTO, R. G., ANDj. O. RICE. 1977. Responses of a freshwater sculpin (Cottus cognatus gracilis) to temperature. Trans. Amer. Fish. Soc. 106(1): 89—94.
PlSTER, E. P. 1979. Endangered species: costs and benefits. Great Basin Nat. Mem. 3:151-158.
1981. The conservation of desert, fishes. Pages
411-446 in R. J. Naiman and D. L. Soltz, eds.,
Fishes in North American deserts. Wiley-Interscience, New York.
REUTTER.J. M..ANDC.E. HERDENDORF. 1974. Laboratory
estimates of the seasonal final temperature preferenda of some Lake Erie fish. Proc. 17th Conf.
Great Lakes Res. 1974: 59-67.
REYNOLDS, W. W. 1977. Temperature as a proximate factor in orientation behavior. J. Fish. Res. Bd.
Canada 34: 734-739.
REYNOLDS, W. W., AND M. E. CASTERLIN. 1976. Thermal
preferenda and behavioral thermoregulation in
three centrarchid fishes. Pages 185-190 in G. W.
McFarlane, ed., Thermal ecology II. U.S. National Technical Information Service, Springfield,
Virginia.
1979. Behavioral thermoregulation and the "final
preferendum" paradigm. Amer. Zool. 19: 211224.
RICHARDS, F. P., AND R M. IBAHA. 1978. The preferred
temperatures of the brown bullhead, Ictalurus
nebulosus, with reference to its orientation to the
discharge canal of a nuclear power plant. Trans.
Amer. Fish. Soc. 107: 288-294.
RICHARDS, F. P.. W. W. REYNOLDS, R. W. MCCAULEY, L. I.
CRAWSHAW, C. C. COUTANT, AND J. J. GIFT. 1977.
Temperature preference studies in environmental
impact assessments: an overview with procedural
recommendations. J. Fish. Res. Bd. Canada 34:
728-761.
SANDBERC, G. W., AND L. G. SULTZ. 1985. Reconnaissance
of the quality of surface water in the upper Virgin
River Basin, Utah, Arizona, and Nevada,
1981-82. Utah Department of Natural Resources
Technical Publication No. 83: 1-69.
SCHUMANN, P. B. 1978. Responses to temperature and
dissolved oxygen in the roundtail chub, Gila robusta Baird & Girard. Unpublished thesis, University of Nevada at Las Vegas.
TATE, M. W., ANDR. C. CLELLAND. 1957. Nonparametric
and shortcut statistics in the social, behavioral,
and medical sciences. Interstate Printers and Publishers, Danville, Illinois.
U.S. FISH AND WILDLIFE SERVICE. 1986. Endangered and
threatened wildlife and plants, January 1, 1986.
Pages 1-30.
WILLIAMS. J. E. 1977. Adaptive responses of woundfin,
Plagopterus argentissimus, and red shiner,
Notropis lutrensis, to a salt spring and their probable effects on competition. Unpublished thesis,
University of Nevada at Las Vegas.

